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Neutron diffraction has been used to investigate the magnetic order of RNi2B2C. For R5Er the
system orders antiferromagnetically atTN56.8 K, and this long range order coexists with
superconductivity~Tc511 K!. The magnetic structure is an incommensurate, transversely polarized
spin-density-wave state, with the modulation wave vectord along thea axis and the moments along
b. d has a temperature-independent value of 0.5526~2p/a!, with the structure squaring up at low
temperatures. For R5Ho the moments also prefer to reside in thea–b plane, but initially an
incommensuratec-axis spiral state forms upon cooling, withTN'TC'8 K. This c-axis spiral
consists of ferromagnetic sheets of holmium moments in thea–b plane, but with each sheet rotated
by;163° as one proceeds along thec axis. Smalla-axis peaks are also observed above the reentrant
superconducting transition over a narrow temperature range, but thec-axis peaks dominate. Just
below the reentrant transition at;5 K the magnetic system locks-in to a simple commensurate
antiferromagnetic structure, which permits superconductivity to be restored. Thec-axis spiral, the
a-axis component, the commensurate antiferromagnetic structure, and the superconducting phase
are all in a delicate balance energetically, and this balance may be easily shifted by subtle changes
in composition, magnetic field, and pressure. DyNi2B2C orders antiferromagnetically atTN511 K,
with the same commensurate antiferromagnetic structure as found for the holmium material at low
temperature. The existence of superconductivity in some samples of DyNi2B2C is consistent with
the antiferromagnetic structure observed. ©1996 American Institute of Physics.
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I. INTRODUCTION

The interaction between magnetic long range order a
superconductivity has been an active area of interest
many years. In the Chevrel-phase and related compoun1

the magnetic ordering temperatures are typically much low
than the superconducting transitions, and are in the tempe
ture range where dipolar interactions play a crucial role. A
even more extreme situation is found for the high-Tc cuprate
superconductors, where the rare earth ordering is typica
;1 K while the superconducting transitions are one to tw
orders of magnitude higher in temperature.2 The new classes
of quaternary intermetallic borocarbide superconductors su
as the RNi2B2C ~R5magnetic rare earth ion! materials3 have
therefore attracted considerable attention because the m
netic ordering of the rare earth ions typically occurs at
much higher temperature,4–12 which requires that exchange
interactions dominant the energetics rather than dipolar int
actions. TheTc’s are also comparable to the magnetic tra
sition temperatures so that the interplay between these
cooperative phenomena is enhanced. Moreover, the evide
to date suggests that the superconductivity is thre
dimensional in nature, unlike the layered cuprates, and tha
originates from a relatively strong electron–phonon intera
tion so that the theories advanced to explain the origin
systems can be more readily compared and tested experim
J. Appl. Phys. 79 (8), 15 April 1996 0021-8979/96/79(8)/585
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tally in these new materials. We have therefore been carry
out neutron scattering experiments to explore the nature
the magnetism and its interaction with superconductivity.4–8

The samples were prepared by melting the element
Er, Ho, Dy, or Ce~purity 99.9%!, Ni ~99.9%!, B ~99.8%!,
and C ~99.7%! in an arc-furnace under a protective atm
sphere of flowing argon. The11B isotope was used to reduc
the effects of nuclear absorption in the samples. The pow
diffraction measurements were carried out on the diffracto
eters at National Institute of Standards and Technolo
~NIST!, and more recently at the high-flux-isotope reac
~HFIR! spectrometers at the Oak Ridge National Laborat
when the NIST facilities were unavailable. A standard to
loading pumped He cryostat with a lowT capability of 1.7 K
was employed to control the sample temperature. Data w
collected on samples of Er, Ho, Dy, Ce, and Y. No magne
order was found in either the Y~6! or Ce systems, and so n
further discussion of these materials will be given here.

II. RESULTS AND DISCUSSION

A. HoNi 2B2C

The first system to be investigated with neutrons w
HoNi2B2C because of the doubly reentrant superconduc
behavior exhibited by this material.3 Both the magnetic orde
and the superconductivity begin to develop at;8 K, and
58577/3/$10.00 © 1996 American Institute of Physics
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initially two types of magnetic peaks were observed.4 One
set of peaks originates from a long-wavelengthc-axis spiral
antiferromagnetic structure, where the moments in the tetr
onal plane are ferromagnetically aligned, but they spi
along thec axis with a relative alignment of 163°. Thus thi
magnetic periodicity is incommensurate with the underlyin
chemical unit cell. The second set of peaks originates from
commensurate magnetic structure in which the Ho mome
are again ferromagnetically aligned within the tetragon
plane, but are antiferromagnetically coupled along thec axis
~i.e., a relative alignment of 180°!. The temperature evolu-
tion of these two types of peaks is shown in Fig. 1, where t
intensities have been normalized to the nuclear peaks. U
cooling through the ordering temperature we see that
intensity of the spiral peak in this sample is about twice t
intensity of the~001! commensurate antiferromagnetic pea
which is quite different than found for other samples.4,5,7–9

Thus the relative ratio of these two types of peaks var
dramatically from sample to sample, and demonstrates t
these two types of magnetic order occur in distinct regions
the sample. Indeed, it is now clear12 that both the magnetic
and superconducting states are very sensitive functions of
sample composition for all these materials.

Upon further cooling the antiferromagnetic intensity be
gins to rapidly increase, while the intensity of the spiral sta
drops rapidly. This is just the temperature regime where
reentrant superconductivity is observed; the superconduc
state that initially forms on cooling is quenched, but then
regained at lower temperature as the spiral intensity dis
pears and the antiferromagnetic state becomes fully es
lished. At low T only the commensurate antiferromagnet
order survives in this sample, and this magnetic order read
coexists with the superconductivity. Hence we believe th
the spiral magnetic order and superconductivity are stron

FIG. 1. Temperature dependence of the commensurate antiferromag
~.! Bragg peaks, the incommensuratec-axis spiral peaks~d!, and incom-
mensurate thea-axis magnetic peaks~s! for this sample of HoNi2B2C.
These data were taken on cooling.
5858 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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coupled and competing states, with the development of
spiral amplitude driving the system normal.4,5,7,8,13 The
simple commensurate antiferromagnetic state, on the o
hand, is not strongly coupled to the superconductivity, wh
allows the coexistence at low temperature.

Finally, we note that there is also a small componen
the magnetism associated with an incommensuratea-axis
modulation found by Goldmanet al.,9 as also shown in Fig
1. The intensity of this peak is much smaller than for t
spiral peaks, and exists over a narrower temperature ra
In particular, note that the development of thec axis and
antiferromagnetic intensities occur together, and they sta
a higher temperature where thea-axis intensity is zero. We
also note that the maximum in intensity for thea-axis and
c-axis reflections occurs at about the same temperature
this particular sample, while for other samples they occu
quite different temperatures. The relative intensity of th
a-axis peaks and the temperature range where they ap
also vary substantially from sample to sample. These res
suggest that thesea-axis peaks again originate from separa
regions of the sample, and emphasizes that the antiferrom
netic,c-axis spiral,a-axis, and superconducting states are
delicate functions of the sample composition.

B. DyNi 2B2C

The Dy ions in DyNi2B2C order antiferromagnetically a
aTN just above 10 K. Within thea–b plane the moments ar
ferromagnetically aligned, while the structure is antifer
magnetic along thec axis.10 This is the same commensurat
collinear antiferromagnetic structure that is found in t
HoNi2B2C material at low temperature. The superconduct
state is very sensitive to the precise composition of
sample, and is present in some samples while absen
others.14,15 If the superconducting state is present then th
appears to be little interaction between it and the magn
order parameter, with the two coexisting to low temperatu
as found for HoNi2B2C.

The intensity of the~001! antiferromagnetic Bragg pea
is shown in Fig. 2 as a function of temperature. The inten
varies smoothly with temperature, with no evidence of a
hysteresis~in contrast to the case of HoNi2B2C!. The solid
curve is a fit to theS51/2, 2d Ising model, with the fit being
restricted to the data below 9 K to avoid the effects of critical
scattering. The overall fit is relatively good, withTN510.16
K. However, this curve should be regarded primarily a
‘‘guide-to-the-eye’’ rather than as establishing the 2d Ising
model as appropriate; a more definitive test could be m
with an extinction-free single crystal. We also tried fitting t
data to a mean field model with a variable spin, but the fit
curve was not steep enough and the fit was not nearl
good. Finally, we obtained a low temperature ordered m
ment of 8.47~9! mB from the profile refinements of the fu
diffraction pattern.

C. ErNi2B2C

For the Er system the superconducting transition occ
at Tc'11 K, and superconductivity persists to low tempe
tures with no reentrant transitions or evidence of strong c

netic
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pling to the magnetic state. The antiferromagnetic orderi
develops atTN56.8 K,6,11 with the Er ions forming a trans-
versely polarized, incommensurate spin density wave sta
The modulation wave vector for this state isd50.5526~2p/
a! and is approximately temperature independent, with t
direction along thea axis~or equivalently along theb axis in
this tetragonal system! with the spins directed alongb ~or a!.
The staggered magnetization increases smoothly as the t
perature is decreased belowTN as shown in Fig. 3, and is
nonhysteretic. Higher-order harmonics ofd also develop at
lower temperatures, as also shown in Fig. 3, and indicate
squaring-up of the magnetic structure as we go to lowT.
This squaring-up of the spin density wave is expected, sin
a purely sinusoidal spin density wave cannot be the grou
state of a local-moment system because this leaves man
the moments in a partially disordered state.

A refinement of the magnetic structure gives an order
moment of 7.8mB/Er ion. There is also evidence of an in
duced moment of20.35mB on the Ni ions, as the refinemen
gives a small improvement when a Ni moment is include
However, such a small Ni moment is difficult to resolve un
ambiguously from the large Er moment, and it might indica
that a small adjustment in the model is needed rather than
actual Ni moment. In particular, from a physical standpoi
an ordered Ni moment is difficult to reconcile with the co
existent superconducting state since it is believed that the
electrons are the ones that are predominantly involved in
Cooper pairing. The spin-depairing would then be expect
to suppress the superconductivity if indeed the supercondu
ing state originates from conventional BCS-type electron
phonon pairing. Clearly additional work will be needed t
clarify this issue.

We note that the magnetic structure observed
ErNi2B2C is reminiscent of the smalla-axis peaks found in

FIG. 2. Temperature dependence of the intensity of the~001! magnetic
reflection for DyNi2B2C. The solid curve is a fit to the 2d Ising model.
J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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the HoNi2B2C material as discussed above. Since this large
moment magnetic structure readily coexists with supercon
ductivity in the Er system, it seems unlikely that the weak
a-axis peaks in the Ho material could be the cause of th
reentrant behavior in HoNi2B2C. Thus this is additional evi-
dence that the reentrant superconducting behavior in the ho
mium system is associated with the incommensuratec-axis
magnetic ordering.
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FIG. 3. Temperature dependence of the primary spin density wave intensi
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